The applicability of effective-medium percolation theory (EMPT) to the composition dependence of the electrical conductivity is discussed for binary and multicomponent chalcogenide glasses. Calculations assuming a random mixture of atoms, which are applied to explain the experiment for As-Te films by Ast, do not agree with experiments on all the systems considered. By assuming a strong chemical ordering which forms microscopic molecular species, the conductivity over the measured compositional range can be well described with EMPT in the As-Se, As-S, and As, Se,-Sb,Se, systems, except for Te-Se, As, Te,, and As, S", -Te which contain the isomorphous Te, Se, and S atoms. Chalcogenide glasses can be classified roughly into three groups: a "random mixture of atoms" type, a "strong chemical ordering" type, and an "isomorphous-atom" type. It is suggested that EMPT has broad application in structural studies of chalcogenide glasses.
I. INTRODUCTION The influence of inhomogeneities on amorphous semiconductors has been the subject of a variety of recent papers. In a number of cases the effect of inhomogeneities on electronic transport is treated in terms of percolation treatment using the classical approach ' ' or computer simulations. ' ' For example, dc hopping conductivity (Mott relation) in group-IV amorphous-semiconductor films was interpreted very well in terms of percolation treatment. '" Recently, A st" has discussed the compositional dependence of the electrical conductivity for As"Te, " films in terms of effective-medium percolation theory (EMPT) . He Te ( 3.4 Figure 1 There is evidence that the structure of the amorphous As-Se system is regarded as a mixture of Se and As~Se3. ' ' Assuming that the addition of As to Se forms a microscopic molecular As, Se3 species in Se and that the volume fraction of the As, Se, species increases linearly with increasing As content, one can treat the As"Se, , (x& 0.4) as a, mixture of As, Se, and Se species in the EMPT calculation. A well-ordered amorphous As, Se, i.s obtained by addition of 40-at. % As to Se. It is further assumed that the addition of excess As to As, Se, (x&0.4) leads to the formation of a small amount of a molecular species such as realgar As, Se, '. " It can be regarded as mixture of As, Se3 and As, Se, in the As-rich region (x& 0.4).
Curve (b), the solid line, represents the calculated EMPT result based on the above assumptions. Close agreement with measurement was obtained in contrast. to the result obtained by adopting the assumption of a random atomistic mixture of As and Se. It is suggested that the resistivity at certain As"Se, "compositions is determined a Priori by the resistivities of the Se, As, Se"and As4Se, species.
The compositional dependence of the resistivity of the melt-quenched As, S, "system is shown in Fig. 2 Assuming a random mixture of As and S, the calculated resistivity decreases as the As content increases (not shown in Fig. 2 ), while the measured resistivity increases with increasing As content.
The solid line in Fig. 2 shows the result of the EMPT calculation. We also assumed that As-S is formed by a random mixture of S and the As, S, molecular species" as assumed for the As-Se system. Agreement between calculation and experiment is not as good as for the As-Se system. It is known"" that As, S, prepared by quenching the melt contains a certain amount of the realgar As, S, species and a certain concentration of As-As bonds, suggesting that a random mixture of As2S3 and S is not so good an assumption for the As-S system. The difference between As-Se and As-S has also been observed in the behavior of the glass-transition temperature. "
Next we consider the compositional dependence of the resistivity in multicomponent glasses such as As, Se,-Sb,Se, and As, Se,-As, Te, . These are shown in Figs. 3 and 4 , respectively, A value of x= 0.5 is the limit of glass formation by quenching the melt in the (Sb,Se,)"(As,Se, ), "system.
The resistivity decreases as the molecular content of Sb,Se, increases, as shown in Fig. 3 , with data from Platakis et al. " The solid line in Fig. 3 shows the result obtained by assuming a random mixture of As, Se, and Sb,Se, microscopic molecular species. It almost coincides with the experiment, suggesting that microscopic clusters of As, Se, and Sb,Se, are formed in the As, Se,-Sb,Se, system, while a microscopic inhomogeneity such as phase separation has not been observed. "
Electrical conduction in this system can be controlled by the percolation process in mixtures of As, Se, and Sb,Se, microscopic species.
Contrary to the As, Se,-Sb,Se, system, the measured resistivity of As, Se,-As, Te, is monotonically decreasing with increasing As, Te, molecular conSb2Se3 (mole%) 50 tent, as shown in Fig. 4 with data from Vengel et al. 22 The percolation threshold predicted by EMPT is not found in this system, as described by the solid line in Fig. 4 , where we also assumed a random mixture of As, Se, and As, Te, molecules.
The cause of the disagreement between experiment and calculation can be explained in two ways: (i) The system does not exhibit any tendency to chemical ordering which causes microscopic clusters of As, Se, and As, Te, to form, or (ii) Another kind of microscopic clusters except for As, Se, and As, Te, are formed with a different composition. It is probable that Te replaces Se isomorphously, leading to no significant short-range structural change. " Therefore case (i) is acceptable to interpret the situation for the As, Se,-As, Te, system.
To clarify the behavior of isomorphous Se and Te, let us consider the binary Se-Te system as shown in Fig. 5 . The excess addition of 35-at. % Te to Se brings one out of the glass-forming region, in this system. The measured resistivity decreases rapidly by increasing the Te content rather than that of As, Se,-As, Te, . Curves (a) and (b), the solid lines in Fig. 5 (c) The chaicogenide glasses considered in the present study can be classified into three groups in terms of EMPT: a "random mixture of atoms" type such as the As-Te film, a "strong chemical ordering" type such as As-Se, As-S, and As, Se3-Sb,Se"and an "isomorphous-atom" type such as Se-Te, As, Se, -As, Te"and As, S, "-Te.
EMPT found broad application to describe the electrical conductivity in chalcogenide glasses. Further, it is applicable to study the structure of chalcogenide glasses.
